The effect of the size of radiotherapy photon beams on the absorbed dose to an Al2O3 dosimeter was investigated using the Monte Carlo method. The EGSnrc/DOSRZnrc program code was used to simulate the absorbed dose to the Al2O3 dosimeter, as well as the absorbed dose to water at the corresponding position in the absence of the dosimeter. The incident beams were 60 Co γ and 6 MV with a different beam radius ranging from 0.1 cm to 2 cm. Results revealed that the absorbed dose ratio factor depends on the size of the incident photon beam. When the radius of the incident beam is smaller than that of the dosimeter, the absorbed dose ratio factor decreases as the incident beam size increases. The absorbed dose ratio factor reaches its minimum when the radius of the incident beam is almost the same as that of the dosimeter. When the radius of the incident beam is larger than that of the dosimeter, the absorbed dose ratio factor increases as the incident beam size increases. The maximum difference among these absorbed dose ratio factors can be up to 14% in 60 Co γ beams and 23% in 6 MV beams. However, when the size of the incident beam is much larger than that of the dosimeter, the effect of the incident beam size on the absorbed dose ratio factor becomes quite small. The maximum discrepancy between the absorbed dose ratio factors and the average value is not more than 1%.
Introduction
In radiation therapy, a new dosimetry method based on the radioluminescence and optically stimulated luminescence properties of Al 2 O 3 :C material is under development, from which both the absorbed dose and the dose rate can be determined simultaneously [1∼3] . A dosimeter system using Al 2 O 3 material can provide instantaneous measurements with high sensitivity, high spatial resolution, large range linear response and reproducibility in many applications. MILJANIĆ et al. [4] used an Al 2 O 3 dosimeter to investigate the suitability of different parameters in cavity theory; AZ-NAR et al. [5] and GAZA et al. [6, 7] used an Al 2 O 3 :C single crystal to develop a real-time optical-fiber radiation dosimeter system; DAMKJaeR et al. [8] improved this real-time dosimetry by using an Al 2 O 3 :C crystal with a smaller size; and ANDERSON et al. [9] used an Al 2 O 3 :C crystal for online in vivo dose verification during 192 Ir brachytherapy. However, Al 2 O 3 is not tissue equivalent. The effective atomic number of Al 2 O 3 (Z eff ∼ 10.2) is larger than that of water (Z eff ∼7.5) in radiotherapy photon beams, and the density of Al 2 O 3 is much higher than that of water. The existence of an Al 2 O 3 dosimeter would perturb the radiation fluence which would be present in the tissue in the absence of the dosimeter. Therefore, the absorbed dose to the dosimeter D d may not be the same as the actual absorbed dose to the medium D m in the absence of the dosimeter. The absorbed dose ratio factor f md =D m /D d , which is often used in evaluating the absorbed dose characteristics of a dosimeter, depends on the size and composition of the dosimeter, the type, energy and field size of the radiation beams, and the position of the dosimeter in the medium.
The applications of intensity-modulated radiation therapy using multileaf collimation often require the use of different small subfields to optimize the delivered radiation distribution [10] . These beamlets can be as small as 0.5×0.5 cm 2 [11] , and even as small as 0.3×0.1 cm 2 [12] . In the small field where the lateral electronic equilibrium is not present, it is necessary to evaluate the effect of the size of radiotherapy photon beams on the absorbed dose to the Al 2 O 3 dosimeter and to water.
Due to the size of the detector, measurements in small fields are often difficult, even impossible, in some situations. Monte Carlo simulations have been widely used in medical radiation physics. In our previous studies [13∼16] we used Monte Carlo simulation to evaluate the absorbed dose and the quality dependence of an Al 2 O 3 dosimeter at different depths of a water phantom, and the results were in agreement with those from experiments [17] . The purpose of this work was to use the Monte Carlo method to simulate the absorbed dose to the Al 2 O 3 dosimeter and to the equivalent volume of water at the corresponding position of the dosimeter in a water phantom irradiated by 60 Co γ and 6 MV beams with different beam sizes, and to calculate the absorbed ratio factors so as to discuss the effect of the size of the radiotherapy photon beams on the absorbed dose to the Al 2 O 3 dosimeter. The EGSnrc [18] Monte Carlo program code DOSRZnrc [19] was used to calculate the absorbed dose in the simulations. The uniform distribution parallel collimated 60 Co γ or 6 MV beams with a different beam radius in the range 0.1 cm to 2 cm were incident on the front of the water phantom. The published spectra of the collimated 60 Co γ beams were taken from the EGSnrc [18] system, and included the initial 1.17 MeV and 1.33 MeV γ rays, as well as the spectrum scattering from the source capsule and collimators. The spectra of the 6 MV beams were taken from Mohan's spectra for Varian accelerators [20] . In the simulations, the cut-off energy for the electrons was set to 0.521 MeV and 10 keV for the photons. During the simulations, the absorbed dose to the dosimeter D d and the absorbed dose to the equivalent volume of water at the same location of the dosimeter D m , as well as their uncertainties, were scored. Then the absorbed dose ratio factor f md = D m /D d and the propagation uncertainty of f md were calculated. None of the calculated uncertainties were more than 1% in this study. As expected, the absorbed dose increases as the incident beam size increases, regardless of whether this is the 60 Co γ beam or the 6 MV beam. When the incident beam size is small, the absorbed dose increases rapidly. But the increase in the absorbed dose slows down as the incident beam size increases. When the incident beam size is large enough, the contribution of the scattering rays near the edge of the incident beams to the absorbed dose becomes minimal, and therefore the change in the absorbed dose becomes small. 
Materials and methods

The effect of the beam size on the absorbed dose ratio factor
However, as the incident beam size increases, the variations in the absorbed dose ratio factor are nonlinear. Fig. 3 shows the effect of the incident beam size on the absorbed dose ratio factor of the Al 2 O 3 dosimeter in the 60 Co γ or 6 MV beams at various depths of the water phantom (1∼10 cm). For clarity, only the error bars (one standard deviation) of the absorbed dose ratio factors at the depth of 1 cm (d =1 cm) are lined out; and except for those at the depth of 1 cm, the absorbed dose ratio factors are scaled to separate the curves by a factor of 0.9∼0.7, respectively. It can be seen from Fig. 3 that the absorbed dose ratio factor obviously depends on the size of the incident photon beams. Whether irradiated by 60 Co γ beams or 6 MV beams, the variations in the absorbed dose ratio factor are almost the same at various depths. As the incident beam size increases, at first the absorbed dose ratio factor decreases, and the absorbed dose ratio factor reaches its minimum when the radius of the incident beam is nearly the same as that of the dosimeter; then the absorbed dose ratio factor increases and eventually the variation in the factor becomes small. In 60 Co γ beams at a depth of 1.0 cm, as the radius of the incident beam increases from 0.15 cm to 0.24 cm, the absorbed dose ratio factor decreases from 1.084±0.009 to 1.000±0.007. As the radius of the incident beam increases from 0.26 cm to 0.5 cm, the absorbed dose ratio factor increases from 1.038±0.007 to 1.136±0.005. When the radius of the incident beam varies from 0.15 cm to 2.0 cm, the minimum and maximum values of the absorbed dose ratio factor are 1.000±0.007 and 1.141±0.010, respectively, and the maximum difference can be up to 14%, but when the radius of the incident beam is larger than 0.5 cm, the change in the absorbed dose ratio factor becomes small, with the maximum discrepancy of these absorbed dose ratio factors from the average value of 1.139 being not more than 1%.
In 6 MV beams at a depth of 1.5 cm, as the radius of the incident beam increases from 0.1 cm to 0.25 cm, the absorbed dose ratio factor decreases from 0.975±0.006 to 0.930±0.006. As the radius of the incident beam increases from 0.25 cm to 1.0 cm, the absorbed dose ratio factor increases to 1.137±0.009. When the radius of the incident beam varies from 0.1 cm to 3.0 cm, the minimum and the maximum values of the absorbed dose ratio factor are 0.930±0.006 and 1.148±0.009, respectively, and the maximum difference can be as much as 23%, but when the radius of the incident beam is larger than 1.0 cm, the change in the absorbed dose ratio factor also becomes small, and the maximum discrepancy of these absorbed dose ratio factors against the average value of 1.143 is not more than 1%.
The variation in the absorbed dose ratio factor with an increase in the incident beam size may be attributed to the difference between Al 2 O 3 and water, as well as the change in the lateral scattering of the photons and electrons. According to the NIST data, the mass energy absorption coefficients of Al 2 O 3 are smaller than those of water for a photon energy of 0.2 MeV to 8 MeV, but larger outside of this range. The ratios of the mass collision stopping powers of Al 2 O 3 to water vary from 0.77 to 0.88 for an electron energy range from 0.01 MeV to 10 MeV [16] . So in the radiotherapy photon beams, Al 2 O 3 will underestimate the absorbed dose to water in the transient charged particle equilibrium regions, where the absorbed dose ratio factor is more than unity. But when the size of the incident beam is smaller than that of the dosimeter, the lateral electronic equilibrium is not present. As the incident beam size increases, the lateral out-scattering becomes obvious, and the increase in the absorbed dose to the Al 2 O 3 dosimeter is more than that to water; and therefore the absorbed dose ratio factor decreases. While the radius of the incident beam is larger than that of the Al 2 O 3 dosimeter, as the incident beam size increases, the increase in the absorbed dose contributed by the lateral scattering from outside of the dosimeter to Al 2 O 3 is less than that to water, so the absorbed dose ratio factor increases until the lateral charged particle equilibrium is present.
3.3
The effect of the depth of the dosimeter on the absorbed dose ratio factor Fig. 4 shows the absorbed dose ratio factors of the Al 2 O 3 dosimeter at various depths of the water phantom (ranging from 1 cm to 10 cm in the 60 Co γ beams and from 1.5 cm to 10 cm in the 6 MV beams). The radius of the incident beams is 0.2 cm, 0.5 cm, 1.0 cm and 1.5 cm, respectively. It can be seen from Fig. 4 that for an incident beam of a certain size, the effect of the depth of the dosimeter on the absorbed dose ratio factor is not obvious. The absorbed dose ratio factor doesn't depend on the depth beyond the buildup region (depth > 0 cm in 60 Co γ beams and > 1.5 cm in 6 MV beams). In addition, it can be seen that the absorbed dose ratio factors are almost the same in the 60 Co γ beams with a radius of 0.5 cm, 1.0 cm and 1.5 cm, or in the 6 MV beams with a radius of 1.0 cm and 1.5 cm. This also shows that when the size of the incident beam is large enough, the effect of the incident beam size on the absorbed dose ratio factor is quite small. 
Discussion and conclusions
The Al 2 O 3 dosimeter is generally an "intermediate" size detector in radiation therapy photon beams [16] . The existence of the dosimeter would perturb the radiation fluence in the absence of the dosimeter. The effective atomic number, the density and the size of the dosimeter are critical in determining the degree of radiation fluence perturbation, and the effect of the size of the radiotherapy photon beams on the absorbed dose to the dosimeter is also obvious. Our simulation results show that the variations in the absorbed dose ratio factor are nonlinear. The change in the absorbed dose ratio factor can be small only when the incident beam size is large enough -average values are 1.139 ( 60 Co γ beams) and 1.143 (6 MV beams) -and the absorbed dose ratio factor doesn't depend on the depth of the dosimeter beyond the buildup region. This is in agreement with the results in previous work [13∼16] . Using the Monte Carlo method, MOBIT et al. [21] and AGYINGI et al. [22] investigated the energy response of an Al 2 O 3 detector in broad 60 Co γ beams and 6 MV photon beams, and showed that the absorbed dose ratio factor was 1.133 and 1.144, respectively. This is coincident with our results. Using the cavity theory of Horowitz-Dubi, MILIANIC et al. [4] showed that in 60 Co γ beams the absorbed dose ratio factor of the Al 2 O 3 dosimeter was 1.147 (a reciprocal of the original data D d /D m = 0.872), which is also in good agreement with our results.
As the existence of the Al 2 O 3 dosimeter would perturb the radiation field, for an exact measurement of the absorbed dose in the radiotherapy beams it is necessary to evaluate the effect of the size of the radiotherapy photon beams on the absorbed dose to the Al 2 O 3 dosimeter. Our Monte Carlo simulation results reveal that the absorbed dose ratio factor depends on the size of the incident photon beams. When the radius of the incident beam is less than that of the dosimeter, the absorbed dose ratio factor decreases as the incident beam size increases. The absorbed dose ratio factor reaches its minimum when the radius of the incident beam is almost the same as that of the dosimeter. When the radius of the incident beam is larger than that of the dosimeter, the absorbed dose ratio factor increases as the incident beam size increases. The maximum difference among the absorbed dose ratio factors can be up to 14% in 60 Co γ beams and 23% in 6 MV beams. However, when the size of the incident beam is much larger than that of the dosimeter, the effect of the incident beam size on the absorbed dose ratio factor becomes quite small. The maximum discrepancy between the absorbed dose ratio factor and the average value is not more than 1%.
